The identification of T cell epitopes from immune relevant antigens of Mycobacterium tuberculosis is a critical step in the development of a vaccine covering diverse populations. Two multigene families, PE-PGRS and PPE make up about 10% of the M. tuberculosis genome. However, the functions of the proteins coded by these large numbers of genes are unknown. All possible nonameric peptide sequences from PE and PPE proteins were analysed in silico for their ability to bind to 33 alleles of class I HLA. These results reveal that of all PE and PPE proteins, a significant number of these peptides are predicted to be high-affinity HLA binders, irrespective of the length of the protein.
Introduction
BCG is the only currently available vaccine for prevention of tuberculosis (TB), which has exhibited considerable variations in efficacy in clinical trials in geographically distinct populations [1] [2] [3] [4] [5] [6] . Although BCG prevents disseminated tuberculosis in newborns, it fails to protect against most common form of the disease, pulmonary tuberculosis in adults [7] . So is the case of natural infection with Mycobacterium tuberculosis, which fails to protect against reinfection. [8] .
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new cases and ∼3 million deaths each year [9] , it is crucial to explore newer strategies to improve BCG or to develop a more effective vaccine than M. bovis BCG. M. tuberculosis H37Rv contains two large glycine-rich gene families, which together account for about 10% of the coding capacity of the genome [10] . These glycine-rich gene families code for PE and PPE proteins. The names PE and PPE are derived from the motifs Pro-Glu (PE) and Pro-ProGlu (PPE) found in most cases near N-terminus of these glycine and alanine-rich proteins. PE family has two subfamilies, PE and PE PGRS. All the 99 members of PE family have a highly conserved N-terminal domain of 110 amino acid residues, whereas the C-terminal domain show marked heterogeneity, showing variation in size, sequence and repeat copy numbers. The members of PE PGRS subfamily have a polyglycine-rich sequence at the C-terminus, along with the conserved amino terminus. The C-terminal extension is characterized by the presence of multiple tandem repetitions of Gly-Gly-Ala or Gly-Gly-Asn encoded by PGRS motif. The PPE family consists of 68 members and has a conserved N-terminal domain of 180 amino acid residues with varying carboxy terminal domains. The polymorphism of these two gene families is the major source of variation in M. tuberculosis complex in an otherwise genetically homogeneous bacterium [11] . Though the sub cellular localization of these proteins is still a mystery, a few of PE PGRS proteins have been considered as possible virulence factors in M. marinum [12] , and some are cell surface constituents, involved in interaction of mycobacteria and macrophage [13] .
These two multigene families are of potential interest from immune response point of view, since they could function as a source of antigenic variation for M. tuberculosis in order to evade the host immune response [10, 14] and as cell surface antigens [15] . Some of PE and PPE proteins have been shown to be potent B and T cell antigens. Two proteins from PE PGRS subfamily, Rv1759c and Rv3367 are expressed during infection and show antibody response in humans and rabbits, respectively [16] [17] [18] . Rv1196 and Rv0915c from PPE family have been shown to be good T cell antigens [19, 20] . Another study has shown that the PE domain of PE PGRS protein Rv1818c upon immunization into mice induces good cell mediated immune response, whereas the PGRS domain is responsible for good humoral response [21] .
There is abundant evidence in support of an important role for CD4 T cells in controlling Mycobacterium tuberculosis infection. However, several lines of evidence also suggest a role for CD8 T cells in controlling M. tuberculosis infection in the host [22] . At the same time, MHC class I restricted CD8 T lymphocytes specific for mycobacterial antigens have been observed in mouse models of TB [23, 24] as well as in humans [25] [26] [27] [28] , thus emphasizing the role of T cell mediated responses. The identification of T cell epitopes from immunologically relevant antigens therefore remains a critical step in the development of vaccines.
Relatively few epitopes in mycobacterial antigens have so far been identified for human CD8 T cells [29] . In this regard, release of genome sequences of M. tuberculosis has provided an opportunity to identify proteins with vaccine potential that could give immune protection in individuals with different HLA backgrounds. In an effort to identify potential T cell antigens from PE and PPE family of proteins, we have carried out a systematic in silico analysis of the 167 different PE and PPE proteins. Employing immuno informatics approach [30] , a set of HLA class I binding peptides have been identified from these proteins. Further, their binding abilities have been ascertained using independent methods such as molecular modeling and structural analysis methods. This study has led to the identification of potential T cell epitopes, which can be tested experimentally for inclusion in specific vaccine for global coverage.
Materials and methods

Prediction of MHC class I binding epitopes
The complete amino acid sequences of proteins that have been annotated as PE (99) and PPE (68) proteins, respectively from M. tuberculosis were obtained from the Tuberculist database [http://genolist.pasteur.fr/TubercuList/]. All possible overlapping nonamers from these proteins were screened for their potential to bind to thirty three different alleles of HLA class I molecules using a prediction algorithm HLA-BIND [http://bimas.dcrt.nih.gov/molbio/hla bind], which identifies and ranks nonamer peptides that contain allele specific binding motifs for class I HLA alleles measured in terms of half time of dissociation (T 1/2 ) of ␤2 micro globulin [30] .
The algorithm estimates the binding against 33 HLA Class I alleles, which include nine HLA-A alleles, 20 HLA-B alleles and four HLA-C alleles. As the optimum length of the peptide binding to MHC class I is nine amino acids, all possible overlapping nonamers were first generated from PE (8655 peptides from PE and 41569 peptides from PE PGRS subfamilies) and PPE (42691) families of proteins. The binding was estimated in terms of half time of ␤2 micro globulin dissociation rates [cutoff, T 1/2 of ≥100 min]. Only those peptides, which were predicted to bind to any of the 33 alleles studied, were picked up for further analysis.
Identification of "self" peptides
Peptides predicted to bind to HLA were checked for similarity with each of the 47523 human proteins annotated so far, by using BLAST. Each of the binding nonamer was checked with each of the 47523 ORFs. Since both PE and PPE protein sequences show significant redundancy, only unique peptides were selected for BLAST search. The BLAST variables were tailored appropriately for this analysis, in view of the short size of the peptides. The BLAST results were then parsed with a perl script [ [35] . Based on the prediction analysis determined earlier, putative epitopes from Rv3018c, Rv3812 and Rv1818c were chosen for molecular modeling.
Feasibility analysis by molecular modeling
The peptides with highest as well as lowest T 1/2 for each allele were modeled on to their respective structural templates [1DUZ, 1HSA, 1E27, 1A9E, 1IM9], so as to replace the original peptides present in the crystal structures, and the complexes were subjected to energy minimization.
Model building and energy minimizations were carried out using INSIGHT-II and DISCOVER modules [Accelrys Inc.]. All energy minimizations were carried out with a 13Å nonbonded cutoff and a distance-dependent dielectric constant of 4.0, initially using the steepest algorithm followed by conjugate gradients till the root mean square [rms] derivative was less than 0.4 kcal mol −1Å−1 . An identical minimization with the original peptide was also carried out as a control in every case. The binding of the peptides was then estimated by analyzing the intra-molecular hydrogen bonds, electrostatic, van der Waals and hydrophobic interactions with the protein residues in the vicinity.
Results
Employing the in silico method, 8655 overlapping 9mer peptides were generated from 38 proteins belonging to PE subfamily proteins and about 17% (1519) of the peptides were identified by HLA-binding predictions. Similarly, of the peptides derived from 61 PE PGRS proteins, only 6.4% bound to one or more of HLA alleles, which indicated that the PGRS part in these proteins may be responsible for low binding. It is also likely that PE PGRS proteins may elicit more B-cell response. This property has been reported for Rv1818c, one of the proteins of this group [21] . Proteins of PPE family exhibited a predicted average binding of 14%. Within this range of values, the binding is independent of the length of the protein.
Specificity and promiscuity of peptide-HLA binding
Thirty-three alleles belonging to HLA A, B and C loci have been tested. The prediction analysis showed that the majority of peptides bind to a single allele, and a given nonamer can bind to a maximum of four alleles, out of the thirty-three alleles tested. This finding was not restricted to one locus but include all three loci: A, B and C. Thus, in the PE subfamily, out of 1519 total binding peptides, 1133 nonamers are found to be monoallelic binders, 162 nonamers bind to two alleles, 213 bind to three alleles, and only 11 bind to four alleles. Similar is the case with PE PGRS and PPE families of proteins. The results have been summarized in Table 1 . The number of peptides from PE, PE PGRS and PPE proteins predicted to bind to one allele or more than one allele of HLA. Maximum number of alleles a given peptide can bind is four. Majority of the peptides are monoallelic binders.
Identification of proteins with binding peptides for a large number of alleles
Identifying proteins with many peptide sequences binding to HLA class I molecule is important, considering the polymorphic nature of HLA and its diversity in population of different geographical regions. Therefore, a good T cell antigen should have peptides recognized by many HLA alleles. The analysis revealed that in the PE family, Rv0151c binds to the highest number of alleles [19 out of 33] ; the average number of alleles for all proteins is 12-13. Similarly Rv3343 from PPE family shows good binding to 22 alleles.
A few selected alleles predominate in peptide binding
The predicted binding peptides were also analyzed to find out the probability of a given allele recognizing a large number of peptides. For all the three classes of proteins, the allele B 5102 binds largest number of nonamers out of the total binding peptides followed by B 5101, B 5103 and B 2705. Few of the 33 alleles are not predicted to bind to any of the generated peptides at an arbitrary cut off value for T 1/2 fixed at 100 min. They are A 1101, A 3101, A 3302, B 3902, Cw 0602, and Cw 0702 Fig. 1 . However, these alleles could bind peptides at lower T 1/2 values (data not shown).
B locus alleles show higher affinity of binding
The T 1/2 with which a peptide binds to HLA ranges from 100 to 15,000 min. About 204 from PE PGRS, 145 peptides from PE subfamily and 691 peptides from PPE family of proteins are high-affinity binders, which bind with a T 1/2 of ≥500.
In general, the binding affinity of peptides to B locus alleles [especially B 2705 and B 5101] are higher as compared to alleles of A or C locus.
Pathogen peptides that could behave as self or partially self-peptide of host
The binding peptides from all 167 proteins of PE and PPE families were analyzed for similarities with each of 47523 ORFs from human proteome. Peptides were categorized into three classes, Table 2 .
A large number of predicted peptides from both PE and PPE proteins were observed, for which no self-peptides exist. This finding is consistent with the uniqueness of these classes of proteins in mycobacteria. It is important to identify partially self-peptides, since they could mount an autoimmune response in the host upon immunization. A nonameric peptide LRSLGATLK from Rv3477 [PE] shows complete homology with the human potassium voltage gated channel protein. Nonamers GQTGANGGR, GAG-GAGGGV from Rv0278c and Rv0578c [PE PGRS], respectively show 9 aa similarity with a peptide from lymphocyte activation-associated protein and hypothetical protein FLJ10210. AAAAAAAAV, a peptide from Rv0287 of PPE protein, is shared between 15 of human proteins. Out of the binding peptides from PE subfamily, 76 nonameric peptides are partially self to the human proteome, whereas only one of the peptides has complete homology with the human peptide. In PE PGRS subfamily, about 247 binding peptides are partially self and two are self-peptides whereas from the PPE family, 229 and two peptides are partially self and self-peptides, respectively. These proteins containing self and partially self-peptides were removed from further analysis. The similarities of the binding peptides with each of 47,523 ORFs from human proteome. Peptides were categorized into three classes: (i) those peptides having complete similarity with human peptides (self-peptides), (ii) those with seven or (iii) eight amino acid similarities with human proteins (partially self-peptides) and (iv) those without any significant similarity (nonself peptides).
Structural basis for the recognition of nonamers by the respective HLA molecules by molecular modeling studies
The feasibility of binding of peptides to their respective class I HLA alleles was simultaneously investigated by molecular modeling and structural analysis. Superposition of the crystal structure of five alleles [HLA A 0201, B 2705, B 5101, B 3501 and Cw 0401] revealed that they are very similar with RMS [root mean square] deviations less than about 1Å, as also in the modes with which they bind different peptides. The striking structural similarity of the overall structure of the whole ␣1 and ␣2 domains and ␤2 micro globulin can be easily exploited to unambiguously dock the nonamer on to the HLA molecule. At the same time, the regions at the binding sites are the most variable both in HLA molecules and in the various TCRs that recognize each one of these, which are responsible for the generation of diversity or polymorphism in a population. Samples from both high as well as low-binding peptides [12 for HLA A 0201, 13 for B 2705, 16 for B 5101, 9 for B 3501 and 16 for Cw 0401] were modeled on to their respective structural templates so as to replace the original peptides seen in the crystal structure. The analysis of several different HLA class I structures shows that there is an overall similarity in the mode of peptide binding. The modeled structure of HLA with high-affinity peptides shows more interactions in terms of hydrogen bonds when compared to peptides with low affinity (Fig. 2) . This finding correlates well with the higher binding affinities of the predicted peptides. The complexes of chosen peptides indicate the feasibility of binding and to a large extent the affinities of the binding peptides for a given allele. This is illustrated by the intermolecular energies between the peptides and the alleles, and a comparison of intermolecular energies and T 1/2 values is given in Fig. 2 . Interaction between a peptide and the peptide-binding groove of HLA. Both high-and low-affinity peptides were modeled on to five different HLA templates. The figure shows an example of a high-affinity peptide-ALLSELPAV from Rv3018c displaying more hydrogen bonds as compared to a low-affinity peptide AQLLTEFAI also taken from Rv3018c. Table 3 . It can be seen that the peptides with high affinity as judged by the T 1/2 values also show high (more negative) interaction energies, for most of the peptides, thus falling in to a qualitative pattern. Such correlations were not seen in all the cases however, especially where the T 1/2 was less than 50. It must be mentioned, however, that seeking quantitative correlations between the matrices would be inappropriate, given that they both measure different parameters employing different methods, although ultimately both reflect ability to bind. Therefore, we feel that the correlation, to a large extent but not total, is not unnatural for an acceptable prediction. An examination of the data for class I binding peptides and the alleles they bind revealed that there are three promiscuous epitopes (a peptide that binds to more than one allele) for each of the proteins Rv3812 and Rv3018c (highlighted in Table 3 ). Thus, these proteins could now be tested experimentally for their ability to act as T cell antigens and the class I binding abilities of the peptides could also be verified.
Discussion
The design and development of new generation of vaccines have focused on individual proteins or DNA coding for a single or limited number of proteins. Peptide binding to HLA is essential for generation and maintenance of an immune response. Therefore, it becomes imperative that the proteins, which are identified as possible vaccine candidates, must generate peptides that are recognized by class I MHC for cytotoxic T cell response or by class II MHC to provide helper responses to both T and B cells. This becomes important, since humans can carry only a limited number of co-dominant HLA alleles in their genome, out of hundreds of polymorphic alleles that are present in the population. Therefore, a candidate vaccine must generate peptides that can bind to a wide range of HLA molecules to provide good population coverage. Without this, the protein even if it generates good primary response and memory response, will work only in a limited number of individuals. To address this problem of selection of appropriate proteins as candidate vaccines, we have carried out a systematic analysis of mycobacterial peptides derived from PE and PPE proteins, determination of their HLA binding specificity to narrow down the number of proteins containing sufficient peptides for total population coverage. Several computational methods are now available for analysis of binding of peptides to MHC [29] . We have used the BIMAS binding tool available in public domain to study the binding of peptides to thirty-three HLA alleles. This method has been developed using experimental data of half time of dissociation of ␤2 micro globulin from peptide-HLA complex since ␤2 micro globulin dissociates from the complex when the peptide is released [30] . A T 1/2 of 100 min was chosen as a cut off point in order to select the relatively higher affinity binding peptides. It is possible that some good T cell epitopes may be missed in the analysis, which bind with HLA with relatively less affinity and may still bind TCR with high affinity. It is the TCR-HLA-peptide complex, which is crucial in determining the T cell response.
The nonameric sequences from PE and PPE families of proteins were predicted to contain high percentage of binding peptides to human class I HLA, whereas PE PGRS proteins show relatively low level of binding. This difference is seen in spite of PE and PE PGRS being subfamilies of the same family, PE. Previous study has shown that PE domain of PE PGRS but not the full length of the protein induces good cell mediated immune response, whereas the PGRS domain is responsible for good antibody response [21] . Most of the peptides were predicted to bind to alleles from B locus, and the affinity with which the peptides are binding to this locus is far higher than the alleles of A and C loci. This implies that the distribution of B loci alleles in the population may play a role in the susceptibility of the population for certain infection.
Many of the peptides are monoallelic binders i.e., they bind to a single allele. The T cell epitopes that are recognized in context of more than one HLA and more than one T cell clone are called promiscuous epitopes. Promiscuous peptides are of prime interest for vaccine design because of their relevance to higher proportions of human population. This in silico approach would help to predict some of the HLA-binding motifs, which could act as promiscuous epitopes.
There are a large number of binders from both PE and PPE proteins, for which either self or partially self-host peptides exist. This finding implicates the possible failure of certain epitopes as vaccine candidates. Partially self-peptides can mount an autoimmune response in the host upon immunization, whereas the inclusion of self-peptides has no obvious advantage. Employing the known crystal structures of HLA-peptide complexes, the ability of the peptides identified as high binders to replace the resident peptide in the crystal structure was assessed to provide additional evidence for the choice of epitopes.
A large number of workers have been addressing the identification of T cell epitopes of individual mycobacterial proteins [31] . For some proteins, the alleles and the corresponding peptides have been identified [32] . Computational methods have been used to identify peptides from proteins, which would bind to HLA [29, 32] . The present work differs from these earlier investigations in that a genome-based approach has been followed and all overlapping peptides of a major class of M. tuberculosis protein have been analyzed to predict possible T cell reactive peptides. The epitope prediction should be followed by experimental verification of the binding of synthetic peptides with HLA in order to reduce the number of potential candidate peptides for the final analysis of recognition by peptide specific T cells. Binding of synthetic peptides to MHC molecules is usually studied by either reconstitution of MHC-peptide complexes on the cell surface [33] or stabilization of MHC-peptide complexes on TAP-deficient cells [34] . The predicted epitopes are experimentally verified by identification of T cells, which specifically recognize the naturally processed epitope in a HLArestricted fashion. T cells are either obtained by in vivo or in vitro priming of human PBMCs or mouse splenocytes. T cell responses after stimulation can be measured by lytic activity in vitro proliferation and cytokine production [29] .
In summary, we have generated a large dataset on possible HLA class I-binding peptides, which have been predicted to bind to different HLA alleles. Seventy-one high-as well as low-affinity peptides from both PE and PPE proteins have been analyzed for structural compatibility with crystal structures of HLA in terms of intermolecular energies and were found to correlate well with the corresponding affinities predicted by the BIMAS algorithm. Most of the peptides binding to HLA are specific with very few promiscuous binders. It is thus obvious that a large cocktail of proteins are required to achieve reasonable population coverage. Besides, this work suggests the feasibility of designing haplotype specific subunit vaccine, which can be given to individuals with known HLA haplotype. The haplotype specific vaccines can be combined to target a population where the distribution of HLA alleles is known. This work also indicates that use of single or limited number of genes in a DNA vaccine may not be suitable to cover a given population.
